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Description 

GRADIENT COIL AND METHOD FOR 

CONSTRUCTION 

Technical Field 

[0001] The current disclosed method and apparatus relate to a 

magnetic resonance imaging ("MRI") system. More specifi- 
cally, the disclosed method and apparatus relate to a gra- 
dient coil used in an MRI system. 
Background of the Invention 

[0002] MRI systems use gradient coils to generate magnetic field 
gradients along desired axes. Copper conductors in the 
gradient coils are usually held in place in the gradient 
coils by a mechanical bonding, often some type of non- 
conductive epoxy resin. Adjacent gradient coils are gener- 
ally separated a predetermined distance. A gap formed 
between adjacent gradient coils may be filled with a non- 
conductive epoxy resin. 

[0003] The gradient coil carries current in the copper conductors, 
and must operate in a background field of an MRI magnet. 



The demands on the performance of the gradient coil 
have increased due to higher currents, higher background 
fields, and the need for lower acoustic noise. In particular, 
the peak operating current has increased by a factor of 
two while the background field has also increased by 
more than a factor of 2 over the last few years. Thus, 
electromagnetic forces have increased by more than a 
factor of 4. This increased force load is placing ever 
higher demands on the structural integrity of the gradient 
coil. 

[0004] when in operation, repulsive forces act on the gradient 
coils and the copper conductors in the gradient coils. Be- 
cause electromagnetic forces have increased by a factor of 
4, and may continue to increase in the future, it is desir- 
able to build gradient coils that will withstand these elec- 
tromagnetic forces and increased forced loads acting on 

them and still maintain optimal acoustic performance. 
Brief Description of the Invention 

[0005] The disclosed apparatus relates to a gradient coil assem- 
bly for a magnetic resonance imaging system. The gradi- 
ent coil assembly comprises: at least two coils. The coils 
comprise: at least one conductor mechanically bonded via 
a nonconducting substrate. The bonding surface of the at 



least one conductor has been subjected to a surface treat- 
ment to improve the mechanical bonding properties of the 
bonding surface. 
[0006] The disclosed apparatus also relates to a magnetic imag- 
ing system. The magnetic imaging system comprises: a 
system controller; a gradient amplifier unit in operable 
communication with the system controller; a magnetic as- 
sembly in operable communication with the gradient am- 
plifier. The magnetic assembly comprises: a gradient coil 
assembly comprising at least two coils. The coils com- 
prise: at least one conductor mechanically via a noncon- 
ducting substrate. A bonding surface of the at least one 
conductor has been subjected to a surface treatment to 
improve the mechanical bonding properties of the bond- 
ing surface. 

[0007] The disclosed method relates to assembling a gradient 

coil assembly. The method comprises: treating a bonding 

surface of at least one conductor; and bonding the at least 

one conductor to a nonconducting substrate. 
Brief Description of the Drawings 

[0008] Referring now to the figures, which are exemplary em- 
bodiments, and wherein like elements are numbered alike: 
[0009] pig. 1 depicts a schematic view of a disclosed MRI system; 



[0010] Fig. 2 depicts a schematic view of a disclosed gradient 
coil; 

[0011] pig. 3 depicts a flowchart illustrating a disclosed method 

for constructing a gradient coil. 
Detailed Description of the Invention 

[0012] a detailed description of several embodiments of the dis- 
closed apparatus and method are presented herein byway 
of exemplification and not limitation with reference to 
Figures 1 through 3. Identical reference numerals repre- 
sent identical components in the various views. 

[0013] Referring to Figure 1, an exemplary MRI system 10 is pro- 
vided for generating images of a person 18. MRI system 
10 may comprise a magnetic assembly 12, a gradient am- 
plifier unit 14, and a system controller 16. 

[0014] Magnetic assembly 12 is provided to generate magnetic 
fields that will be propagated to person 18. Assembly 12 
may comprise a housing 15 defining a chamber 17 for re- 
ceiving person 18. Assembly 12 may further comprise po- 
larizing magnets 20, and a gradient coil assembly 22 hav- 
ing a plurality of coils. Gradient coil assembly 22 generate 
magnetic fields along a predetermined axes in response 
to signals received from the gradient amplifier unit 14. 

[0015] Referring to Figure 2, an exemplary gradient coil assembly 



22 includes an inner gradient coil assembly 23, an outer 
gradient coil assembly 25, and an epoxy layer 54 dis- 
posed between assemblies 23,25. 

[0016] inner gradient coil assembly 23 includes an inner gradient 
tube 24, an inner (Z) coil 27, an inner (Y) coil 28 and an 
inner (X) coil 30. 

[0017] | nn er gradient tube 24 is provided to be disposed within 
an outer gradient tube 26 and is disposed about an axis 
33. Gradient tube 24 may be constructed from a fiber 
composite material comprising one or more layers 
wherein each layer comprises a plurality of fibers such as 
glass fibers, carbon fibers, Kevlar fibers, and aluminum 
oxide particles, coated with the epoxy resin. 

[0018] inner (Z) coil 27 is provided to generate a magnetic field 
gradient along a predetermined Z-axis (not shown). Coil 
27 may be disposed proximate gradient tube 24. In par- 
ticular, coil 27 may be disposed on an outer surface of 
tube 24. Coil 27 may include a plurality of copper con- 
ductors 36 disposed in a plurality of grooves 34 formed in 
tube 24. The copper conductors 36 may be mechanically 
bonded to the grooves 34 by a nonconducting resin 
epoxy. 

[0019] inner (Y) coil 28 is provided to generate a magnetic field 



gradient along a predetermined Y-axis (not shown). Coil 
28 may comprise a plurality conductors a (not shown) me- 
chanically bonded to the inner gradient tube 24 by a non- 
conducting epoxy resin layer (not shown). These conduc- 
tors may be saddle coils. 

[0020] inner (X) coil 30 is provided to generate a magnetic field 
gradient along a predetermined X-axis (not shown). Coil 
30 may comprise a plurality of conductors (not shown) 
mechanically bonded to the inner gradient tube 24 by a 
nonconducting epoxy resin layer (not shown). These con- 
ductors may be saddle coils. 

[0021] Outer gradient coil assembly 25 includes an outer gradi- 
ent tube 26, an outer (Z) coil 40, an outer (Y) coil 42, and 
an outer (X) coil 44. 

[0022] Outer gradient tube 26 is disposed around an inner gradi- 
ent tube 24 and is disposed about axis 33. Gradient tube 
26 may be constructed from a fiber composite material 
comprising one or more layers wherein each layer com- 
prises a plurality of fibers such as glass fibers, carbon 
fibers, Kevlar fibers, and aluminum oxide fibers, coated 
with the epoxy resin. 

[0023] Outer (Z) coil 40 is provided to generate a magnetic field 
gradient along the Z-axis that is disposed to provide elec- 



tromagnetic shielding of the inner (Z) coil 27 such that 
any magnetic flux straying outside of gradient coil assem- 
bly 22 is minimized. Coil 40 may be disposed proximate 
gradient tube 26. In particular, coil 40 may be disposed 
on an outer surface of tube 26. Coil 40 may include a plu- 
rality of copper conductors 52 disposed in a plurality of 
grooves 50 formed in tube 26. 

[0024] Outer (Y) coil 42 is provided to generate a magnetic field 
gradient along the Y-axis that is disposed to provide elec- 
tromagnetic shielding of the inner (Y) coil 28 such that 
any magnetic flux straying outside of gradient coil assem- 
bly 22 is minimized. Coil 42 may comprise a plurality a 
conductors coils (not shown) mechanically bonded to the 
outer gradient tube 26 by a nonconducting epoxy resin 
layer (not shown). These conductors may be saddle coils. 

[0025] Outer (X) coil 44 is provided to generate a magnetic field 
gradient along the X-axis that is disposed to provide elec- 
tromagnetic shielding of the inner (X) coil 30 such that 
any magnetic flux straying outside of gradient coil assem- 
bly 22 is minimized. Coil 44 may comprise a plurality of 
conductors (not shown) mechanically bonded to the outer 
gradient tube 26 by a nonconducting epoxy resin layer 
(not shown). These conductors may be saddle coils. 



[0026] Epoxy layer 54 may be disposed between inner gradient 
coil assembly 23 and outer gradient coil assembly 25 to 
maintain a predetermined distance between assemblies 
23, 25. Epoxy layer 54 may be formed from an epoxy 
resin or a polyester resin. Epoxy layer 54 is preferably 
substantially non-conductive. 

[0027] The copper conductors 28, 30, 36, 42, 44, 52 associated 
with the inner and outer (Z), (Y) and (X) coils, which may 
be solenoidal or saddle coils, may all be mechanically 
bonded via a nonconducting epoxy resin layer. However, 
in current MRI systems, since the electromagnetic forces 
have increased by about a factor of 4, and may continue 
to increase in the future. These electromagnetic forces act 
as repulsive forces act on the gradient coils and the cop- 
per conductors in the gradient coils, thus it is desired to 

improve the bonding between coils and the epoxy resin. 
DENDRITIC STRUCTURE TREATMENT 

[0028] Conductible materials such as copper have become widely 
used in a wide variety of electronic and electrical compo- 
nent technologies. Commercially, the primary means by 
which desirable properties are added to such materials is 
by electro deposition of metals from metallic ion- 
containing baths. Such processes have been used to pro- 



duce a matte surface having microscopic dendritic (i.e., 
tree-like or nodular) structures to aid in adhering the 
bonding surface to other materials, such as a nonconduc- 
tive epoxy resin. Electro deposition has also been used to 
apply certain metals as a thermal barrier, an elevated 
temperature metal diffusion barrier, an oxidation barrier, 
a chemical corrosion barrier, and/or provide certain elec- 
trical properties such as electric current resistance. 

[0029] After the conductible material has been treated to achieve 
the aforementioned properties, it is particularly well 
suited for use in various electronic and electrical compo- 
nents. The technologies for the production of conductible 
materials by electro deposition from electroplating baths 
and/or processing the metal in a roll mill are well known 
in the PCB art, but as of yet have not been used for im- 
proving the mechanical bond between the copper conduc- 
tors and epoxy resin in gradient coils. 

[0030] a disclosed example of production of a conductive mate- 
rial for use as a conductor to be mechanically bonded to a 
nonconductive epoxy resin in a gradient coil is the pro- 
duction of the conductive material by electro deposition 
processes. Such processes generally involve the use of an 
electroforming cell (EFC) consisting of an anode and a 



cathode, an electrolyte bath solution, generally containing 
copper sulfate and sulfuric acid, and a source of current at 
a suitable potential. When voltage is applied between the 
anode and cathode, copper deposits on the cathode sur- 
face. 

[0031] The conductive material, in this case copper, treatment 

process begins by forming the electrolyte solution, gener- 
ally by dissolving (or digesting) a metallic copper feed 
stock in sulfuric acid. After the copper is dissolved the so- 
lution is subjected to an intensive purification process to 
ensure that the electro deposited copper contains no dis- 
ruptions and/or discontinuities. Various agents for con- 
trolling the properties may be added to the solution. 

[0032] The solution is pumped into the EFC and when voltage is 
applied between the anode and cathode, electro deposi- 
tion of copper occurs at the cathode. Typically, the pro- 
cess involves the use of rotatable cylindrical cathodes 
(drums) that may be of various diameters and widths. The 
electrodeposited copper is then removed from the cylin- 
drical cathode as a continuous web as the cathode rotates. 
The anodes typically are configured to conform to the 
shape of the cathode so that the separation or gap there- 
between is constant. This is desirable in order to produce 



a copper having a consistent thickness across the web. 
Copper prepared using such conventional electro deposi- 
tion methodology have a smooth shiny (drum) side and a 
rough or matte (copper deposit growth front) side. 
[0033] Conductive materials for gradient coil applications may be 
conventionally treated, at least on the matte side, for en- 
hanced bonding and peel strength between the matte side 
and the epoxy resin. Typically treatment involves treat- 
ment with a bonding material to increase surface area and 
thus enhance bonding and increase peel strength. The 
conductive material may also be treated to provide a ther- 
mal barrier, which may be brass, to prevent peel strength 
from decreasing with temperature. Finally, the conductive 
material may be treated with a stabilizer to prevent oxida- 
tion of the foil. These treatments of creating a matte sur- 
face having microscopic dendritic structures may improve 
the peel strength of the conductive material to about 10 

lbs per inch. 
OXIDE TREATMENT 

[0034] Another method of increasing the mechanical bond 

strength of the conductive material, in this example cop- 
per, and the epoxy resin is to form a layer of copper ox- 
ide, such as by chemical oxidation of the bonding sur- 



faces. The earliest efforts in this regard (so-called "black 
oxide" adhesion promoters) produced some improvement 
in the bonding of the copper to nonconductive epoxy 
resins, as compared to that obtained without the copper 
oxide treatment. Subsequent variations on the black oxide 
technique included methods wherein there is first pro- 
duced a black oxide coating on the copper surface, fol- 
lowed by post-treatment of the black oxide deposit with 
about a 15% sulfuric acid to produce a "red oxide" or 
"brown oxide" to serve as the adhesion promoter. Other 
methods for improving the mechanical bonding between a 
conductive material and an epoxy resin include forming 
oxides from relatively high chlorite/relatively low caustic 
copper oxidizing compositions. Forming these oxide lay- 
ers may improve the peel strength to about 4 to 6 lbs per 
inch. 

[0035] The disclosed embodiments have the advantage of pro- 
viding an improved surface on the conducting materials 
for bonding to a nonconductive epoxy resin. This will en- 
hance the mechanical bond between the conducting ma- 
terials and the epoxy resin, thereby providing for longer 
lifespans for the gradient coils and for optimal acoustic 
performance of the MRI system. 



[0036] while the embodiments of the disclosed method and ap- 
paratus have been described with reference to exemplary 
embodiments, it will be understood by those skilled in the 
art that various changes may be made and equivalents 
may be substituted for elements thereof without departing 
from the scope of the embodiments of the disclosed 
method and apparatus. In addition, many modifications 
may be made to adapt a particular situation or material to 
the teachings of the embodiments of the disclosed 
method and apparatus without departing from the essen- 
tial scope thereof. Therefore, it is intended that the em- 
bodiments of the disclosed method and apparatus not be 
limited to the particular embodiments disclosed as the 
best mode contemplated for carrying out the embodi- 
ments of the disclosed method and apparatus, but that 
the embodiments of the disclosed method and apparatus 
will include all embodiments falling within the scope of 
the appended claims. 



